Edited by J. Clark Lagarias, University of California, Davis, CA, and approved January 7, 2011 (received for review September 7, 2010) Phytochrome photoreceptors mediate light responses in plants and in many microorganisms. Here we report studies using 1 H- 13 C magic-angle spinning NMR spectroscopy of the sensor module of cyanobacterial phytochrome Cph1. Two isoforms of the red-light absorbing Pr ground state are identified. Conclusive evidence that photoisomerization occurs at the C15-methine bridge leading to a β-facial disposition of the ring D is presented. In the far-red-light absorbing Pfr state, strong hydrogen-bonding interactions of the D-ring carbonyl group to Tyr-263 and of N24 to Asp-207 hold the chromophore in a tensed conformation. Signaling is triggered when Asp-207 is released from its salt bridge to Arg-472, probably inducing conformational changes in the tongue region. A second signal route is initiated by partner swapping of the B-ring propionate between Arg-254 and Arg-222.
chromophore-protein interaction | signal transduction | solid-state NMR | photomorphogenesis P hytochrome was first demonstrated in plants as a red-lightdependent photoreceptor regulating numerous photomorphogenic processes (1, 2) . Phytochromes are, however, also now known in photosynthetic prokaryotes including cyanobacteria (3, 4) , nonphotosynthetic bacteria (5) , and fungi (6) . Generally, the phytochrome apoprotein binds an open-chain tetrapyrrole as a chromophore (7, 8) to form the red-light absorbing Pr ground state (λ max ≈ 658 nm in case of cyanobacterial phytchrome Cph1 from Synechocystis 6803). Red light absorption photoactivates the molecule to form the photoactivated far-red-light absorbing Pfr state (λ max ≈ 702 nm for Cph1) via a series of intermediates (8) (9) (10) . Photoactivation is thought to be initiated by a double bond isomerization of the chromophore (10, 11) . Early NMR spectroscopic studies on proteolytic phytochrome fragments (12, 13) indicated that this isomerization occurs at the C15═C16 double bond (for numbering, see Fig. 1A ), a geometrical change in line with vibrational spectroscopic investigations (14) (15) (16) and results from recent 13 C solid-state NMR (17, 18) in which the most significant changes during the light-triggered conversions are confined to rings C and D. Exact geometries of the chromophore in the Pr state have been resolved as periplanar ZZZssa configurations in bacteriophytochromes from Deinococcus radiodurans (19) and Rhodopseudomonas palustris (20) as well as in the more plant-phytochrome-like Cph1 from the cyanobacterium Synechocystis 6803 (21) . On the other hand, the crystal structure of the unusual bacteriophytochrome PaBphP Pseudomonas aeruginosa (22) whose ground state is Pfr shows a ZZEssa conformation, consistent with the expected primary photochemistry at the C15═C16 double bond (Fig. 1 B vs. C) . Very recently, however, Ulijasz et al. presented structural simulations based on liquid NMR data of a 20-kDa GAF (cGMP phosphodiesterase/ adenylyl cyclase/FhlA) domain fragment of "SyB-Cph1" phytochrome from the thermotolerant cyanobacterium Synechococcus OSB′ (23) . Surprisingly, they concluded that photoisomerization occurs at the methine bridge between rings A-B rather than C-D, proposing the former as a general model for phytochrome activation.
Here we investigate the photochemistry of the chromophore within the sensory module of Cph1 phytochrome (residues 1-514, Cph1Δ2) in greater detail. This includes the N-terminal PAS (PER-ARNT-SIM) domain, the chromophore-binding GAF domain, and the PHY (phytochrome-associated) domain that is generally essential for stabilization of the Pfr state. An extended hairpin loop of the PHY domain (the tongue) closes the chromophore pocket, rendering it inaccessible to the solvent. We represent 1 H sensitivity-enhanced heteronuclear NMR correlation experiment (MELODI-HETCOR) for selectively recognizing 1 H contacts of the uniformly 13 C∕ 15 N-labeled phycocyanobilin (PCB) chromophore in both Pr and Pfr states at 100% occupancy. The MELODI filter effectively silences magnetization of protons directly bonded to the chromophore, while emphasizing its medium-and long-range 1 H contacts (24, 25) . The sensitivity enhancement of 1 H indirect dimension was achieved through the use of windowed phase-modulated Lee-Goldburg (wPMLG) homonuclear decoupling scheme (26) (27) (28) over the 1 H evolution period (t 1 ), in our case, wPMLG3 þ . Our previous 2D 13 C-13 C dipolar-assisted rotational resonance (DARR) NMR studies on various states of this protein provided full sets of 13 C chemical shifts of the chromophore (18) and hence the basis for the interpretation of the heteronuclear spectra presented in Fig. 2 as well as Figs. S1 and S2. The experiments reported here represent an application of the MELODI-HETCOR method to a particularly large protein (approximately 58 kDa).
Results and Discussion
We first recorded the MELODI-HETCOR NMR spectra for Cph1Δ2 in both parent states at 100% occupancy [ Fig. 2 , Pr (red) and Pfr (purple)] with a 900-μs Lee-Goldburg cross-polarization (LG-CP) contact time to build up intramolecular heteronuclear correlations (i.e., a cutoff distance of approximately 3.5 Å) between the retained NH (H N21-N24 ) and OH protons with the chromophore. In both states, four protons bound to the tetrapyrrole nitrogens are well resolved and can be assigned straightforwardly according to our previous studies (18) (Datasets S1 and S2). The absence of cross-peaks involving carboxylate protons (C8 3 and C12 3 ) in our data indicates that these side chains are deprotonated, implicated by earlier studies (19) (20) (21) 29) .
To explore the site of photoisomerization of the chromophore, we focused on its NH contacts. H N24 (9.9 ppm) of ring D corre-lates in the Pr state (red) with C13 (126.5 ppm), C13 1 (11.4 ppm), and C14 (146.1 ppm) of ring C, whereas these contacts are lost in Pfr (purple). The disappearance of these signals is most likely driven by the substantial rotation of ring D in which H N24 is moved away from the C-ring carbons, that is, far beyond the magnetization transfer range set (approximately 3.5 Å). Other correlations are preserved upon Pfr formation, implying that the light-induced geometrical changes at those positions are small. In particular, the maintenance of contacts between H N21 (11.6 ppm) of ring A and C6 (149.3 ppm) and C9 (127.9 ppm) of ring B provides unequivocal evidence that C5-methine bridge is essentially unaffected or only transiently affected by Pr → Pfr photoconversion. The site of photoisomerization in Cph1 is also identified by comparing interfacial 1 H contacts of the PCB carbons in both states, Pr (spectra shown in Fig. S1 , contacts visualized in Fig. 1B) and Pfr ( Fig. S2 and Fig. 1C ), within an enclosure sphere up to approximately 5.5 Å (SI Text). On photoconversion to Pfr, most of intermolecular 1 H contacts of rings A-C are maintained, whereas D-ring carbons, in particular C19 and C17 1 (Fig. 1 D vs . E, and F vs. G) exhibit entirely different 1 H correlations, providing clear evidence that the Pr → Pfr phototransformation is associated with Z-to-E isomerization at the C15═C16 methine bridge (Datasets S3 and S4). Our data thus refute the idea that a photoisomerization between rings A-B constitutes the photoactivation mechanism in all phytochromes (23) . The lack of the PHY domain in the SyB-Cph1 (GAF) fragment (23) might explain the apparent discrepancy in the primary motion of the chromophore during photoconversion.
The same spectra also allow investigation of the light-induced changes for amino acids adjacent to the chromophore (Figs. S1 and S2). In most cases, 1 H contacts of a specific chromophore carbon have been validated by the 1 H contacts of the adjacent carbons. Hence, the assignments in Figs. S1 and S2 represent consistent networks of interfacial 1 H-13 C correlations within a 5.5-Å sphere. These networks in the Pr state are in harmony with the Cph1 2VEA structure (21) . Also, most of the Cph1 Pfr 1 H correlations of carbons in rings A-C (Fig. S2 and Dataset S3) agree well with the crystal structure of bacteriophytochrome PaBphP (Protein Data Bank ID 3C2W) (22) . However, the 1 H correlations of the D-ring carbons (e.g., C17 1 ) conflict radically with 3C2W (Fig. 3A) . Circular dichroism (CD) studies of Cph1 and plant phytochromes on the one hand and of bacteriophytochromes on the other suggest that the D-ring facial disposition of Pfr is radically different in the two phytochrome types (30) . Indeed, modeling of the Cph1 Pfr with a β-facial disposition of ring D (relative to rings B and C) predicts interactions in accord with those measured here (Fig. 3B) . We can therefore confirm that the β-facial D-ring disposition in Cph1 Pfr is distinct from that in bacteriophytochromes (α-facial D-ring disposition, Fig. 3A) . Because CD spectra for plant phytochrome (31) and Cph1 (30, 32) are similar, plant phytochromes too are likely to have a similar β-facial D-ring disposition. The Cph1 Pfr model requires a movement of the two tyrosine side chains (Tyr-176 and Tyr-203) for the accommodation of its β-facial chromophore ring D, as suggested for PaBphP (22) . We do not know the sense of the rotational vector during the ring-D photoflip, although the anticlockwise route from Pr to Pfr is somewhat shorter (150°∼ 160°instead of 200°∼ 210°clockwise). Furthermore, with this route, steric hindrance between C13 1 and C17 1 might cause the observed Cph1 β-facial disposition of ring D in the Pfr state (30) .
In the Pr state, ring D forms a conserved hydrogen bond with His-290 via its carbonyl group (21) (Fig. 1D) . The side chain of acidic Asp-207, pointing toward Arg-472, is negatively charged in both parent states, indicative from the absence of 1 H correlations with the chromophore (an Oδ2⋯C17 1 distance of 3.55 Å extracted from the 2VEA Pr structure) (21) . The carboxylic group of Asp-207 in the Pr state interacts with the guanidium moiety (Nη1/Nη2) of Arg-472 to form a conserved salt bridge. The Pr → Pfr photoflip breaks the interaction between ring D and His-290 and leads to the formation of hydrogen-bonding interactions of the D-ring carbonyl group to Tyr-263 and of N24 to Asp-207 (Figs. 1E and 4C), apparently stabilizing the Pfr chromophore in a more tensed conformation (33) , as also implied by the PaBphP 3C2W Pfr structure (22) . The newly formed Pfr interactions (Tyr-263⋯C19 and Asp-207⋯N24) require disruption of the Asp-207/Arg-472 salt bridge (Fig. 4 B vs. C) as supported by the remarkable 1 H up-field shift of approximately 3.7 ppm for the correlations involving H Nη1 of Arg-472 (Dataset S4). The origin for this dramatic 1 H change occurring at the guanidium moiety either might be a deprotonation, induced by a sudden increase in hydrophobicity of the local environment as a result of the closer placement of the D-ring carbonyl (14) or a positive charge redistribution among its three nitrogens. In any case, Arg-472 of the tongue is the most prominent site of 1 H NMR chemical shift change surrounding the chromophore; as we show below, this change is particularly important for signal transduction.
The Za → Ea photoisomerization of ring D in Cph1 leads to a shift of the two inner rings B and C within the pocket by a clockwise in-plane rotation (as viewed from the α-face of the bilin ring system) as proposed as the "rotate" step in the "flip-and-rotate" model by Yang et al. (22, 34) . A bidentate salt bridge between the B-ring propionate and Arg-254 (two O⋯N distances of 2.67 and 3.33 Å, respectively) (Fig. 4 A and B) in the Pr state is seen in the Cph1 2VEA structure (21) and is clear from our NMR data ( Fig. S1 and Dataset S3). Photoconversion to Pfr is associated with the partner swap of the B-ring propionate from Arg-254 to Arg-222, as evidenced by the newly formed Pfr correlations involving C8
3 and the guanidium moiety (H Nη1 and H Nη2 ) of Arg-222 ( Fig. 4C and Dataset S3). The partner swap is also supported by published structure and mutational studies of different phytochromes, such as Arg-254 in DrBphP (35) and Arg-101/ Arg-133 in SyB-Cph1 (36). This reassociation implies an inward movement of the side chain of Arg-222 toward the GAF domain and is probably important in signal transduction (see below). The positional change of pyrrole rings B and C is also detected by the conserved Ile-208, located on the β-face of the chromophore ring system, via its long-range correlations involving the side chain hydrogens (i.e., H Cγ1 and H Cδ1 ) (Dataset S4).
A structural heterogeneity of the chromophore in the Pr state was detected in phyA from oat (Avena sativa L.) (37) as well as in D. radiodurans DrBphP and Agrobacterium Agp1 by optical spectroscopies (35, 38) . Also, ultrafast absorption spectroscopy on wild-type and mutants of Rp. palustris RpBphP2 showed two kinetic components (39) . Discrepancies between Pr fluorescence excitation and absorbance spectra of Cph1Δ2 have also been noted and associated with Pr heterogeneity (40) . Local doubling of 13 C signals was also detected in our previous DARR NMR experiments on Synechocystis Cph1Δ2 and a recombinant N-terminal fragment of phytochrome A oat (65 kDa, phyA65), implying the coexistence of two Pr isoforms in solution (18) . Our current NMR data allow for exact characterization of these, here termed Pr-I and Pr-II (Fig. 4 A and B , respectively). They are distinguished specifically by their hydrogen-bonding networks and the charge distribution in the tetrapyrrole cavity. The Cph1 Pr correlation spectrum in Fig. S1 reveals a weak proton contact (σ H of 8.9 ppm in the ω 1 -dimension) at 13 C frequencies of several carbons of rings C (e.g., C12 2 , C12 3 , and C13 1 ) and D (e.g., C16 and C19) (Dataset S4) which is not correlated with any amino acid in the proximity of the chromophore and the conserved water molecules in the binding pocket. We attribute these signals to a hydrated hydroxide cluster in the form of a fW5 þ OH − W4 g species (41) . As shown in Fig. 4B , W4 is closely surrounded by formal charges, for example Nϵ2 of His-260 (distance of 3.19 Å, 2VEA), Oγ of Ser-272 (2.56 Å), W5 (2.73 Å), and the carboxylate group of the C12 propionate side chain (2.43 Å). The proton freed from the highly polarized W4 might cause the observed protonation of His-260, and the remaining hydroxide ion binds strongly with W5 to form the negatively charged hydrated cluster (Fig. 4A) .
Also His-260 is distinguished in the two Pr isoforms. 1 H correlations in the spectral region of 10-18 ppm (in ω 1 -dimension, 2 of D-ring ethyl side chain (172.7 ppm in ω 1 -dimension, Fig. S1 ) is at almost equal distance (approximately 4.3 Å) from both imidazole nitrogens, whereas the intensity of the C18 2 ⋯Nδ1-H signal is approximately 35% of the signal strength of the correlation with the Nϵ2-H tautomer (Fig. S1) , suggesting that the Nϵ2-H tautomeric form of His-290 (in Pr-II) is favored. Additional support for the proposal of the coexistence of two Pr conformers in the PCB-binding pocket is obtained from the 1 H-13 C correlations involving the pyrrole water (W1) (for example, C10 slice centered at 112.8 ppm in the ω 2 -dimension), which reveals a small but resolved doubling of the W1 signal with two resonances separated by approximately 0.6 ppm in the ω 1 -dimension (W1-I vs. W1-II). We note that the 2VEA Pr structure (21) represents the Pr-II isoform only. The homogeneity of the crystals might be due to the fact that Pr-II contains one charge-separated ion pair less than Pr-I and is therefore expected to be more stable. In the Pfr state, there is no hint of multiple isoforms; on the contrary, most cross-peaks are remarkably sharp, also suggesting a well-defined structure (Fig. S1 vs. S2) .
QM/MM (quantum mechanics/molecular mechanics) calculations of the Pr state of Cph1 (42) suggest that the change of protonation state of His-260 induces a significant change of orientation of its imidazole ring in respect to the chromophore plane (Fig. 4 A and B) . Our data indeed show that the overall position of the histidine residue is affected. As shown in Fig. S1 , a correlation signal reflecting the contact between H Nδ1 of His-260 and C13 1 of ring C (Fig. S3A) is fully resolved in the Pr-I isoform. This distance of 6.03 Å (2VEA) is well beyond the effective maximum transfer range with a 2.3-ms LG-CP contact time (a cutoff distance of approximately 5.5 Å; SI Text). Similarly, the comparison of heteronuclear correlations involving the H Nε2 of His-260 in the two Pr isoforms clearly confirms its shift ( Fig. S3 B and C) . The movement of the cationic His-260 toward the anionic C-ring propionate is because of their electrostatic interactions in the Pr-I isoform (Fig. 4A) .
In both Cph1Δ2 and phyA65, all four chromophore nitrogens are protonated in both parent states (18) . The counterions, however, have not yet been identified. Besides the additional charge separation between His-260 and fW5 þ OH − W4 g in Pr-I (Fig. 4A) , there are no significant differences in the counterionic patterns of the two Pr isoforms. As depicted in Fig. 4 A and B , the C-ring propionate itself might act as a counterion for the protonated tetrapyrrole system. Upon photoconversion to the Pfr state, the carboxylate side chain of the conserved Asp-207 serves as counterion to the positively charged chromophore (Fig. 4C) . Hence, the chain of cations and anions forming pairs of counterions is reorganized. In the Pr state, a substantial portion of the net positive charge is delocalized on the two inner rings B and C (43) (Fig. 4 A and B) , whereas in the Pfr state, ring D carries the partial positive charge (16) (Fig. 4C) . This "soft cation" on the chromophore in Pr could be effectively neutralized by a "soft counterion," thus partial charges could be involved and the countercharge of the chromophore might be spread over several groups around the C-ring propionate side chain including His-260. The H260Q mutant clearly shows that this residue is critical for chromophore protonation (44) . On the other hand, Asp-207, the likely Pfr-state counterion is approximately 2.60 Å from H N24 in PaBphP 3C2W, localizing this electrostatic interaction and conjugation defects at ring D. Moreover, this aspartate residue provides sufficient tension on the ring D to stabilize the chromophore in a more tensed shape (18, 45) .
The question rises along which pathway the signal is transduced from the chromophore to the rest of the molecule. The observed changes in the 1 H NMR chemical shifts for amino acids surrounding the chromophore during Pr → Pfr photoconversion (Fig. S4) have widespread effects on the protein pocket. A con- certed matrix reaction is seen in the region located on α-face of the chromophore ring system undergoing up-field 1 H shifts (represented as blue spheres). Interestingly, this region contains the side chain of Arg-472 which participates in a salt bridge with Asp-207 that is broken upon phototransformation (10, 33) (see above). In particular, a dramatic 3.7-ppm 1 H up-field shift of tongue residue Arg-472 is observed (Dataset S4). Indeed, proteolytic studies with Pr and Pfr imply different accessibilities of the tongue region (45) . Arg-472 is likely to play a major role in determining the structure of this region because it hydrogen bonds via its Nϵ group to Gly-451 (β17 helix) which creates the kink in the tongue. Along the GAF-tongue interface, further hydrogen bondings with conserved tongue residues in the kink region involving Trp-478 and Glu-480 (β20 helix) are likely to play a role in signal transduction. Although mutations at Asp-207 and homologous residues destabilize or prevent the formation of Pfr (44) (45) (46) , mutation of its salt-bridge partner Arg-472 in Cph1 has little effect on Pr/Pfr absorbance properties and Pfr stability, even though this residue too is conserved. Its likely critical function is in initiating signal transduction, as implied by the loss of Pr/Pfr autokinase regulation in the full-length Arg-472-Ala holoprotein mutant (Fig. S5B ) and state-dependent surface changes of the Cph1Δ2 sensory module (21) . Although we can rule out a C5-isomerization in Cph1, global changes in the pocket apparently lead to a partner swap between the B-ring propionate (C8
3 ) from Arg-254 in Pr to Arg-222 in Pfr (see above). Interestingly, the FixL "two-component" redox sensor might also signal via an analogous tetrapyrrole propionate-Arg partner swap (47) . Like Arg-472, although Arg-254 is conserved, R254A has little effect photochemically or on Pfr stability. It is thus likely to be important in intramolecular signal transduction, as implied by the effects of Arg-254-Ala on state-dependent surface changes in Cph1Δ2 (21) and in vivo signaling in the Cph8 chimera (48) (Fig. S5A) . Furthermore, the Arg-254-homologous residue in plant phytochrome B is also important in signal transduction via PIF3 (49, 50) . Although the salt bridges might have other functions, such as stabilizing Pfr, arginine-to-alanine substitutions at positions 222, 254, and 472 are not associated with rapid Pfr dark reversion in Cph1. Thus it appears that signal transduction is triggered not only via the Asp-207/Arg-472 salt-bridge pathway to the tongue and perhaps the N terminus but also via a salt-bridge partner swap between the B-ring propionate and Arg-254/ Arg-222 on the opposite side of the chromophore pocket.
In summary, we have been able to exploit the MELODI-HETCOR NMR technique to investigate the protonic structure and charge distributions of both Pr and Pfr states of the canonical phytochrome Cph1. Our data reveal the simultaneous presence of two Pr isoforms (Fig. 4 A and B) with Pr-II closely matching the 2VEA Pr structure. The Pfr NMR data (Dataset S4) agree with the PaBphP Pfr 3C2W structure except for the D-ring region, due to the ring D in Cph1 adopting an opposite facial disposition (Fig. 3) , consistent with CD spectroscopy (30) . We also can rule out a C5 photoisomerization between rings A-B in Cph1 as proposed by Ulijasz et al. (23) . The photoflip activates two intramolecular signal transduction routes via the salt bridges on either side of the chromophore.
Materials and Methods
Sample Preparation. Preparation of uniformly 13 C-and 15 N-labeled PCB chromophore, Cph1Δ2 apo-and holoproteins is described in the SI Text. For NMR measurements of Pr-state Cph1Δ2 phytochrome, the sample was preirradiated with light from an array of far-red light-emitting diodes (λ max ≈ 730 nm, 20 nm FWHM) surrounding a 1-mm bore glass capillary syringe. Pfr Cph1Δ2 phytochrome at 100% occupancy was obtained by size-exclusion chromatography of the 70∕30 Pfr/Pr photoequilibrium mixture using Superdex 200 (Pharmacia/GE) (51) . Greater than 98% Pfr occupancy was confirmed by UV-visible absorbance spectroscopy. Mutagenesis and assays of LacZ and the control of Cph8 (Cph1:EnvZ chimeric phytochrome, see ref. 48 ) are given in the SI Text.
Pulse Sequence. The 2D NMR experiment combines MELODI filter (24, 25) , LG-CP block with wPMLG3 þ decoupling (26) (27) (28) to yield medium-and long-range 1 H-13 C correlation spectra with 1 H-enhanced sensitivity. The wPMLG3 þ decoupling efficiency correlates to several experimental parameters, like rf field power (ν 1 ), unit pulse length (Δt), acquisition windows (τ w ), rotation frequency (ν r ), and 1 H rf offset frequency (Δν). The optimizations were carried out by acquiring 1D 1 H wPMLG3 þ magic-angle spinning (MAS) spectra on glycine through monitoring the splitting between α-protons lines (28) . To optimize performance for 2D fashion, ν 1 and Δt were further examined in the indirect dimension of 2D
1 HfwPMLG3 þ g-1 HfwPMLG3 þ g homonuclear correlation spectra of the same sample (52) . Optimum values were obtained using a pulse length Δt of 2.1 μs and rf amplitude (ν 1 ) of 78 kHz. In addition, the acquisition window τ w was set to 6.5 μs, slightly higher than the calibrated value, for compensation of the spectral quality loss caused by any mistuned wobble curve (52) . The PMLG3 segment was composed of six rf pulses (Δt ¼ 2.1 μs) with a delay τ x of 0.1 μs (28) between two pulses to stabilize their phases, thus τ PMLG3 ¼ 13.2 μs. The overall length of decoupling cycle time (τ c ) of wPMLG3 þ pulse unit was equal to 19.7 μs (τ c ¼ τ PMLG3 þ τ w ), thus the characteristic frequency (ν c ) of the wPMLG3 þ CRAMPS (combined rotation and multiple-pulse spectroscopy) cycle was 50.76 kHz. To avoid an undesirable destructive interference between MAS and spin space modulation, the rotor period (τ r ) was chosen to meet the condition of 3.5 < τ r ∕τ c < 5, and τ r ≠ 4τ c (27, 53, 54) . For rf power levels available in our spectrometer using 4-mm triple-resonance MAS probe, 10-13.5-kHz spinning speed is commonly used. The rotation frequency (ν r ) of 11.778 kHz (τ r ¼ 84.90 μs, thus τ r ∕τ c ≈ 4.31) was found to be optimal for the spectral resolution with 1 H rf field strength (ν 1 ) of 78 kHz and to be sufficiently distant from obvious degeneracy number, τ r ∕τ c ¼ 4. Moreover, 1 H rf offset frequency (Δν) of −6;000 Hz was set to avoid spiky resonance lines from falling over the spectrum (28) .
MAS NMR Data Collection. To maximize the overall NMR signal intensity of each Cph1Δ2 phytochrome sample, approximately 15 mg of protein were loaded into a 4-mm zirconia MAS rotor. All 2D 1 H-13 C interfacial correlation spectra were acquired at 233 AE 0.3 K on a Bruker AV-750 WB spectrometer. The spinning frequency was 11;778 AE 4 Hz, regulated by a pneumatic control unit.
LG-CP contact times of 900 μs and 2.3 ms were used for both Pr and Pfr states (Fig. 2 as well as Figs. S1 and S2). The dipolar filter period of 38 μs was set to suppress the 1 H-1 H homonuclear dipolar interaction effectively (24, 25) . The 1 H power was ramped 80-100% during cross-polarization, and 1 H rf field strength for TPPM (two-pulse phase modulation) decoupling was about 80 kHz. Typical 1 H 90°and 13 C 180°pulse lengths were 3.1 and 5.2 μs, respectively. The spectrum was recorded with 3,072 transients with a relaxation delay of 1.536 s for each t 1 slice, and a total of 128 slices combined in the indirect dimension, leading to a total experimental time of ca 138 h. The t 1 data were recorded in an off-resonance manner and linear predicted by 32 points using 40 linear predication coefficients. A 90°shifted squared sine bell window function was applied and zero-filled to 2,048 points prior to Fourier transformation. The t 2 data were zero-filled to 4,096 points and 50 Hz line broadening for exponential multiplication.
13 C resonances were externally referenced to the down-field resonance of solid glycine hydrochloride at 176.04 ppm, and 1 H solid-state shifts were calibrated by running a conventional 1 H-13 C HETCOR experiment on the tyrosine hydrochloride through its H Cβ and H O peaks centered at 2.1 and 13.1 ppm, respectively. The 1 H datasets of Arg, His, and Tyr are experimentally acquired in our lab by employing the conventional 1 H-13 C∕ 15 N HETCORs on those amino acids, and the other detected residues (Ala, Asp, Cys, Ile, Leu, Met, Phe, Pro, Ser, Thr, and Val) are all referenced to the standard values reported in liquid-and solid-state NMR spectroscopy (25, 55, 56) . All amino acids used in this study were obtained from Sigma-Aldrich. The NMR data were processed with Bruker Topspin 2.1 and further analyzed by using the Sparky 3.114 (T. D. Goddard and D. G. Kneller, SPARKY 3. University of California, San Francisco, CA). The figures were produced using the PyMOL 1.2 (DeLano Scientific) (57) and Adobe Illustrator CS4 (Adobe) software. For resonance assignments, please see SI Text.
